Most mutagenesis by UV Most mutagenesis of Escherichia coli by UV irradiation and a variety of chemicals is not a passive process but requires the active participation of cellular proteins including UmuD and UmuC (or their plasmid-derived analogs MucA and MucB) and RecA (25, 26) . The mechanism of this process, termed error-prone repair or SOS processing, is not currently understood, although formally it appears to involve replication past lesions that would otherwise block DNA synthesis (5). The umuDC operon of E. coli (12, 21) and the mucAB operon of the plasmid pKM101 (21) are similarly organized, partially homologous, and under the control of the SOS regulatory system.
Most mutagenesis of Escherichia coli by UV irradiation and a variety of chemicals is not a passive process but requires the active participation of cellular proteins including UmuD and UmuC (or their plasmid-derived analogs MucA and MucB) and RecA (25, 26) . The mechanism of this process, termed error-prone repair or SOS processing, is not currently understood, although formally it appears to involve replication past lesions that would otherwise block DNA synthesis (5) . The umuDC operon of E. coli (12, 21) and the mucAB operon of the plasmid pKM101 (21) are similarly organized, partially homologous, and under the control of the SOS regulatory system.
The RecA protein appears to play at least two roles in the mutagenic repair process (2, 4, 8, (24) (25) (26) . One of these roles is in the induction of the umuDC or mucAB operon. Like other genes in the SOS regulatory network, the umuDC and mucAB operons are repressed by the LexA protein (1, 6) . In response to an SOS-inducing treatment, the RecA protein becomes activated and mediates the proteolytic cleavage of LexA at an Ala-Gly bond, thus inducing the expression of umuDC and other SOS-regulated genes (25, 26) . Little (13) has reported that incubation of highly purified LexA at high pH in the presence of a divalent cation but in the absence of RecA results in the cleavage of LexA at this Ala-Gly bond. This observation suggests that RecA acts by facilitating an autodigestion of LexA rather than as a normal protease. In addition to its role in inducing umuDC or mucAB, RecA is required for at least one other step in the mutagenic process, since lexA(Def) strains, which constitutively express SOS genes, are not mutable if they are also defective in recA (2, 8, 24) . The molecular function of RecA in this second role is not currently understood and is one of the issues we address in this paper.
The proteolytic cleavage of LexA and related bacteriophage repressors such as X cI at a specific Ala-Gly sequence involves the interaction of activated RecA protein with their carboxy-terminal domains (9, 13, 14, 25, 26) . Although RecA+ protein normally becomes activated in response to an SOS-inducing treatment (e.g., DNA damage), the RecA441 protein can also be activated in vivo simply by an increase in temperature (25, 26) . We have recently shown that both MucA and UmuD share extensive amino acid homology with the carboxy-terminal domains of LexA and X cI proteins (21) . This homology includes an Ala-Gly bond of MucA (amino acids 25 and 26) in a position corresponding to the Ala-Gly proteolytic cleavage site of LexA and X cI. Our discovery of this homology has led us to consider the possibility that MucA and UmuD interact with RecA protein and perhaps become proteolytically modified. If such an interaction or proteolytic cleavage led to the activation of muc or umu functions, it might explain the requirement for RecA in mutagenesis.
As a step toward addressing this question, we have created a mutation at the potential proteolytic cleavage site of MucA, and we show here that the phenotype it produces is consistent with an interference with a MucA-RecA interaction. We have also developed a novel in vivo approach to attempt to measure competition between MucA and LexA for binding to activated RecA protein, and we present evidence suggesting that such competition may occur. Although we have not yet been able to determine directly whether the MucA protein is cleaved at its Ala-Gly bond, our results provide genetic evidence for the model that the wild-type MucA protein interacts with activated RecA and that this interaction facilitates certain mutagenic processes. 
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . Strains were constructed by P1 transduction (18) . Plasmid-bearing strains were constructed by calcium chloride transformation (16) . The construction of the recA938::cat allele has been described previously (27) .
Mutagenesis of mucA. Site-directed mutagenesis of mucAB cloned into M13mp8 was done by a modified version of the mismatched primer method of Zoller and Smith (28) with the oligonucleotide AGAATTTCTGCGGAATTCCCCAGC CCG (mismatches with the wild-type GGG Gly codon [21] are underlined). The heteroduplex DNA product was transfected into a mutS: :TnS strain (20) to prevent mismatch repair. Mutants were detected (yield, about 11%) by differential hybridization to the mutagenic primer. Restriction mapping of these phages confirmed that they contained the EcoRI site introduced by the change in DNA sequence.
Transfer of mutation. The mutation that we term mucA101 [or, to emphasize its most important feature, mucA101 (Glu26)] was transferred from an M13mp8 derivative to pGW1700, a Tcr pBR322-derived plasmid carrying mucA+B+ (22) , by M13-mediated transduction of the plasmid. The M13 phage, which had two amber mutations in essential phage genes and carried the mutated mucA gene, was grown on a Rec+ strain carrying pGW1700, and the resulting phage particles were adsorbed to a Sup-F+ strain. Phage-infected cells were plated on medium containing tetracycline. We Mutagenesis assays. Media and methods for determining mutability have been described previously (23) . Arg+ revertants of the ochre argE3 strains containing the ochre his4 mutation were classified as true revertants if they failed to grow on media lacking histidine and as suppressor revertants if they grew on media lacking histidine (10) . We use the terms true and suppressor for convenience, although we did not further characterize these revertants.
Other procedures. 1-Galactosidase units were adjusted for cell density (18) . General microbiological methods were as described previously (17, 18) . Two-dimensional polyacrylamide gel electrophoresis was performed essentially as described by O'Farrell et al. (19) . Cultures and maxicell preparations were labeled with [35S]methionine as described previously (7, 17) .
RESULTS
Alteration of a site in MucA homologous to the LexA cleavage site. In an attempt to assess the significance of the amino acid homology observed between MucA and LexA, we used oligonucleotide-directed mutagenesis to change codon 26 of MucA from Gly to Glu. We refer to this mutation descriptively as mucAJOJ(Glu26). An analogous mutation at the Ala-Gly proteolytic cleavage site in X cI repressor (which causes a Gly-to-Glu change at codon 112) creates a repressor that is functional in DNA binding and dimerization but is not cleaved in the presence of activated RecA (9) . A similar mutation in lexA, lexA3(Ind-), changes Gly at the cleavage site to Asp (14) and results in a functional protein that is not cleaved. The mucAJOl(Glu26) mutation was created on an M13 derivative carrying the mucAB region and subsequently crossed onto a pBR322-derived plasmid carrying mucAB, pGW1700, by M13-mediated transduction as described in Materials and Methods. DNA sequencing of fragments subcloned from this plasmid showed that the desired mutation had indeed been introduced.
To confirm that an altered MucA protein was actually being produced in the mucAJOJ(Glu26) mutant, we separated proteins synthesized both in intact cells and in maxicell preparations on two-dimensional gels (19) . Both MucA+ and can be cleaved in vitro have not yet met with success. The relatively short half-life of these proteins both in vivo and in vitro (as judged by monitoring bands on gels) has so far prevented us from purifying them to homogeneity; this short half-life seems to result from a nonspecific degradation rather than cleavage of the site homologous to the LexA cleavage site, since we have not observed accumulation of smaller polypeptides of the expected size. Our efforts to look for evidence of cleavage by using MucA or UmuD proteins labeled by the maxicell method were hampered by the rapid nonspecific degradation of these proteins in labeled cell extracts (L. Dodson and G. C. Walker, unpublished results). Effect of activating RecA441 on spontaneous mutagenesis. In our initial investigations of the mucAJOJ(Glu26) mutation, we wished to study a situation in which a mucA+B+-dependent effect is strongly influenced by the state of activation of the RecA protein. Our goal was to compare mucA+B+ and mucA1O1(Glu26)B+ activity as a function of the degree of activation of RecA. We found that introduction of a plasmid carrying mucA+B+ into a lexASl(Def) recA441 umuC122::TnS strain led to a strikingly temperature-depen- (25, 26) . In lexA(Def) strains, such as the one used here, SOS genes (including mucAB) are constitutively expressed. Thus, the increased spontaneous mutation rate at 26 higher temperatures that was seen with the above strain is In contrast, a lexA5J(Def) recA441 umuCJ22::TnS strain containing the mucA10J(Glu26)B+ plasmid behaved differently. Although its spontaneous reversion frequency was severalfold higher than that of a strain lacking the muc genes, the spontaneous reversion frequency did not show a temperature-dependent increase. This observation suggests that a component of Muc protein action that is dependent on the activation of RecA has been lost in the mucAJOJ(Glu26) mutant.
As well as the strong activation of the RecA441 protein by elevated temperature, the addition of adenine to culture media modestly increases the in vivo ability of RecA441 to facilitate cleavage of LexA and X cI (3, 25) . We found that the addition of 100 ,ug of adenine per ml to the medium also modestly increased the spontaneous mutagenesis frequency of a strain carrying a mucA+B+ plasmid but not that of a strain carrying a mucA(Glu26)B+ plasmid ( Table 2 ). This observation is consistent with the view that the increased spontaneous mutagenesis seen at elevated temperatures with a lexASI(Def) recA441 umuCJ22::TnS strain carrying a mucA+B+ plasmid is due to an increase in the degree of activation of RecA441 and not to some other effect of temperature. Furthermore, it supports the suggestion that the MucA(Glu26) protein is in some way altered in its ability to respond to RecA activation.
The strain carrying a mucAJ0J(Glu26)B+ plasmid exhibited an increased spontaneous reversion rate over a strain lacking any muc plasmid although it did not show an increased rate in response to increased RecA activation. This allowed us to ask whether RecA plays yet another role in mutagenesis. We examined the rate of spontaneous mutagenesis in recA(Def) derivatives of our strains. The high rate of spontaneous mutagenesis conferred by the wild-type and mutant mucAB plasmids in recA441 strains is not seen in recA(Def) strains (Table 2) . Thus the increased spontaneous mutagenesis seen in a strain carrying the mucAJOI(Glu26B+ plasmid is dependent on RecA even though it does not further increase in response to increased RecA activation.
Effect of MucA+B+ and MucA(Glu26)B+ on SOS induction.
The simplest model to account for the above results is that the MucA+ protein interacts with RecA and, in particular, that it undergoes some special form of interaction with activated RecA. Thus, we hypothesized that if MucA protein were to bind to RecA in a fashion similar to the binding of LexA protein to RecA, then MucA might compete with LexA for binding to RecA in vivo under some circumstances and inhibit the inactivation of LexA and hence SOS induction. To see whether such inhibition of SOS induction might in fact occur, we introduced the mucA+B+ and mucA101 (Glu26)B+ plasmids into a strain carrying an SOS-inducible umuD-lacZ fusion and determined the induction of ,Bgalactosidase after UV irradiation. The pBR322-derived mucAB plasmids that we have used in this study have a high basal level of expression even in a lexA+ strain (6) .
The wild-type mucA+B+ plasmid strongly inhibits the UV induction of the SOS response as monitored by the expression of the umuD-lacZ fusion (Fig. 3) . In contrast, the mucA101(Glu26)B+ plasmid had almost no effect on SOS induction, at most delaying it slightly. None of the strains were sensitive to the UV dose used in this experiment, and all were umuD+C+ and were capable of a full complement of repair processes. Thus it is unlikely that the difference we observed is due to a defect in DNA repair. One 
DISCUSSION
One of the premier examples of posttranslational control of activity in E. coli is observed during SOS induction. The interaction of activated RecA protein with LexA repressor leads to a specific proteolytic cleavage and hence to inactivation of LexA, allowing induction of genes normally repressed by it (24) . An unresolved puzzle in the study of UV-induced mutagenesis lies in the fact that simple derepression of genes known to be required for this process (mucAB or umuDC) does not allow mutagenesis: there is a continuing requirement for activated RecA (8, 24) . Our discovery of sequence homology between the derived protein sequences of MucA and UmuD and the portion of LexA that is known to interact with RecA led us to consider the possibility that MucA and UmuD interact with RecA protein and that such an interaction or perhaps subsequent proteolytic modification is required to facilitate mutagenesis (21) . That is, perhaps mucAB and umuDC activities are controlled by RecA activation both transcriptionally (via SOS control) and posttranslationally.
We mutated a site in the gene encoding MucA protein homologous to the site in LexA at which RecA-facilitated proteolytic cleavage occurs. The mucAJOJ(Glu26) mutation conferred an altered phenotype on mucAB plasmid-bearing strains that was not consistent with a simple overall reduction of function. Although the spontaneous mutagenesis frequency of a strain with wild-type mucAB was proportional to RecA activation, that of a strain carrying the mucAJOJ(Glu26) mutation was above background but was unaffected by the degree of RecA activation. This suggests that the mucAJOJ(Glu26) mutation may interfere with some MucA interaction with activated RecA that facilitates mutagenesis but that the mucAJOJ(Glu26) mutant retains a basal level of activity independent of RecA activation. An interesting difference between the chromosomal genes umuDC and the plasmid-derived genes mucAB is that mucAB, but not umuDC, are capable of promoting mutagenesis in a strain carrying the recA430 allele (defective in some of the proteolysis-facilitating activity of recA), although mutagenesis is much more effective in a recA+ strain (3, 25) . Since the mucAB operon was isolated from a broad-host-range self-transmissible plasmid (25) , perhaps these proteins have evolved to be somewhat less dependent on specific interactions with recA and other host-specified proteins than with umuDC. If so, a mutation in umuD analogous to mucAJOJ(Glu26) might result in a completely defective gene product.
Perhaps our most striking findings were that overproduction of wild-type MucA and MucB proteins inhibited SOS induction by UV and that this inhibition was virtually abolished by the mucAJOJ(Glu26) mutation. The inhibition of SOS induction that we observe in the presence of a high gene dosage of wild-type mucAB is consistent with a competition between the partially homologous MucA and LexA proteins for a site on activated RecA molecules. Alternatively, the inhibition of SOS induction might represent interference with the activation of RecA.
We believe that a variety of alternative interpretations for this phenomenon are ruled out by the following observations. Using a qualitative plate assay for the induction of ,-galactosidase, we have observed that high-copy-number plasmid clones of mucA+B+ or umuD+C+ inhibit the induction of a variety of SOS-inducible din::Mu dl(Ap lac) fusions (11) by a variety of agents including mitomycin C and nalidixic acid (which does not damage DNA but blocks DNA replication). These results suggest that the inhibition of SOS induction is not due to overproduction of MucA or MucB affecting the processing of a specific DNA lesion. Furthermore, we found that high-copy-number plasmid clones of mucA+B+ or umuD+C+ inhibit the induction of a Mu dl(Ap lac) fusion (11) controlled by the A cI repressor. This indicates that mucAB and umuDC do not exert their regulatory effects on SOS induction by encoding a repressor with the operator specificity of LexA. In other work, we have shown that a plasmid carrying umuD+ alone does not inhibit SOS induction, suggesting that both proteins of the operons may be required for this effect, as for all other phenotypes associated with umuDC and mucAB that have been studied (21, 25 ; manuscript in preparation).
In an AB1157 strain background, UV-induced reversion of argE3 promoted by a mucA1OJ(Glu26)B+ plasmid led to a much higher proportion of ochre suppressor mutations than did reversion promoted by a mucA+B+ plasmid. This would not be expected of a mutant in which mucAB activity had simply been reduced. This result is reminiscent of an earlier observation that a higher proportion of mucA+B+-promoted, UV-induced revertants of his4 were suppressor mutants if the strain carried recA430 than if the strain were recA+ (in genetic backgrounds closely related to AB1157) (3). Thus, a similar altered phenotype may arise from interaction of wild-type MucA protein with RecA430 protein (which is defective in its ability to facilitate protelytic cleavage) or from interaction of MucA(Glu26) protein (which is altered at a site homologous to the LexA cleavage site) with wild-type RecA protein. In each case, one might expect a defect in interaction of MucA with RecA (or in a proteolytic cleavage of MucA facilitated by RecA). It will be of interest to compare the spectrum of UV-induced mutagenesis promoted by mucAB with and without the mucAJOJ(Glu26) mutation in a system measuring mutagenesis at a larger number of loci. Is mutagenic specificity changed, or is there more than one mutagenic pathway, each with its own specificity and differentially affected by the mucAJOJ(Glu26) 
